Lee DB, Jamgotchian N, Allen SG, Abeles MB, Ward HJ. A lipid-protein hybrid model for tight junction. Am J Physiol Renal Physiol 295: F1601-F1612, 2008. First published August 13, 2008; doi:10.1152/ajprenal.00097.2008.-The epithelial tight junction (TJ) was first described ultrastructurally as a fusion of the outer lipid leaflets of the adjoining cell membrane bilayers (hemifusion). The discovery of an increasing number of integral TJ and TJ-associated proteins has eclipsed the original lipid-based model with the wide acceptance of a protein-centric model for the TJ. In this review, we stress the importance of lipids in TJ structure and function. A lipid-protein hybrid model accommodates a large body of information supporting the lipidic characteristics of the TJ, harmonizes with the accumulating evidence supporting the TJ as an assembly of lipid rafts, and focuses on an important, but relatively unexplored, field of lipidprotein interactions in the morphology, physiology, and pathophysiology of the TJ. lipid rafts; lipid leaflets; claudins; hemifusion WE BEGIN WITH A BRIEF REVIEW of the evolution of a proteincentric tight junction (TJ) model and discuss some issues that cannot be satisfactorily reconciled with a protein-only model. We then focus on the evidence and the need for a lipid-protein hybrid model and conclude with two speculative models solely for the purpose of initiating a dialogue that is expected to escalate.
WE BEGIN WITH A BRIEF REVIEW of the evolution of a proteincentric tight junction (TJ) model and discuss some issues that cannot be satisfactorily reconciled with a protein-only model. We then focus on the evidence and the need for a lipid-protein hybrid model and conclude with two speculative models solely for the purpose of initiating a dialogue that is expected to escalate.
EVOLUTION OF A PROTEIN-CENTRIC MODEL FOR THE TJ

Descriptive Model of the TJ
The TJ forms an ultrastructural, circumferential belt around an epithelial or endothelial cell, separating the plasma membrane into an apical and a basolateral domain. The belt from one cell binds belts from adjacent cells, forming cell sheets, which act as selective barriers separating the extracellular fluid into different compartments, e.g., separating fluid in the luminal compartment of the intestine or the renal tubule from fluid in the interstitial compartment, i.e., the internal environment (99) . As a boundary between the apical and the basolateral plasma membrane domains, the TJ demarcates the well-characterized asymmetric distribution of protein and lipid molecules in these two domains, thereby maintaining polarity in the two-dimensional plane of the plasma membrane. In addition, the TJ also congregates polarity-regulating protein complexes that participate in polarized membrane trafficking and serves as a spatial landmark for vesicle docking (68, 116) , suggesting that it also regulates polarity in the three-dimensional space of the cytosol.
In ultrathin-section electron microscopy, the TJ appears as a linear fusion (23) or a series of focal fusions (23, 99) of the exoplasmic leaflets from lipid bilayers of adjacent cells.
Freeze-fracture replica electron microscopy demonstrates that the TJ belt is a network of continuous, anastomosing intramembranous strands, each of which is the product of linear polymerization of discrete particles (91) . These observations form the basis for the present model for the TJ: each intramembranous TJ strand from one cell "binds" laterally with a paired TJ strand from an adjacent cell, thereby obliterating the intervening extracellular space and giving rise to the fusion between juxtaposed exoplasmic lipid leaflets (99) .
Molecular Structure of the TJ: Protein Model vs. Lipid Model
The protein model proposes that a linear array of transmembrane protein particles polymerize to form a TJ strand and that a network of these strands adhere with paired strands from apposing cells to obliterate the intervening intercellular space. The lipid model, which originates from the initial observation of exoplasmic lipid leaflet fusion (23) , proposes that the fusion of these lipid leaflets is associated with a transformation of the lamellar configuration (phase) of the participating bilayers into a nonlamellar paired, inverted hexagonal (H II ) phase of watercontaining cylinders (strands) (14, 44, 73, 82 ; see below).
At least 50 cytoplasmic plaque and integral transmembrane TJ proteins have been identified (6) . Using a new approach for TJ isolation and purification from the human intestinal epithelial line T84, Tang (96) catalogued 914 proteins on the basis of proteomic and bioinformatic analyses. Occludin (26) , junctional adhesion molecule 1 (JAM-1) (66) [subsequently renamed JAM-A (77)], and the claudins (75) were the first TJ integral proteins identified. Transfection studies in mouse L fibroblasts suggest that claudins are the transmembrane proteins that constitute the TJ strands (27) . These observations provide strong support for the protein model (98, 99) and have led to the dominance of a protein-centric view of the TJ (6, 29, 96) . They also have rendered the concept of a lipid-only model untenable.
PROTEIN MODEL: UNRESOLVED ISSUES
Exoplasmic Lipid Leaflets Are Functionally Linked Across the TJ
The protein model calls for the transinteractions, across the intercellular space, of integral TJ proteins from apposing cells (Fig. 1A) . Such a model would not permit movements of exoplasmic leaflet lipids (or proteins) from one cell to its neighboring cells. A lipid model, on the other hand, would allow such translocations through the fusion region ("F" in Fig.  1 , B and C) of the exoplasmic leaflets. The observation that Forssman antigen, an endogenous glycolipid found in exoplasmic lipid leaflets, did not traverse from one cell to its neighboring cells supports a protein model (79, 103, 106) .
Others, however, suggested that the bulky head group of Forssman antigen prevented its passage across the TJ, because the H II phase (which is the basis for TJ assembly in the lipid model) is characterized by a region with compressed lipid head groups and, therefore, imposes a size-dependent restriction. Indeed, studies based on fluorescence recovery after photobleaching clearly demonstrate that lipid probes with the less bulky phosphatidylcholine head group and labeled with dye within the hydrophobic moiety diffused readily and rapidly from one cell to another linked by an intact TJ (30) . The translocation of dipicrylamine, a lipid-soluble anion, from cell to cell across the TJ has also been demonstrated in a double whole cell clamp experiment in hepatocytes (100) . A recent study even calls into question the postulated size-restriction property of the TJ. Thus lipid rafts (LRs), including the large protein molecule cholera toxin B (CT-B) subunit bound to the ganglioside GM1, can also translocate from one cell to another across the TJ (51) . These observations are difficult to reconcile with a protein-only model for the TJ.
Known TJ Proteins Lack Adhesive Activities and Do Not Mediate Membrane Bridging or Hemifusion
Current consensus focuses on claudins as the backbone of the TJ strands, with most cells expressing more than two claudin species (99) . Different claudin species cis-heteropolymerize to form a TJ strand in one cell, and trans-adhere, homotypically or heterotypically, with claudins in a "paired" strand from an adjacent cell. Adhesion between the extracellular components of the apposing claudin molecules constitutes the TJ barrier. In terms of claudin polymerization, the mechanism remains uncertain. Umeda and associates (101) reported that TJ-associated cytoplasmic proteins zonula occludens (ZO-1 and ZO-2) are instrumental in mediating claudin polymerization and in determining the cellular site where this polymerization would occur. Piontek and associates (83) , on the other hand, demonstrated a ZO-1-independent, extracellular transinteraction of claudin molecules across the intercellular space as the basis for their polymerization and the formation of TJ strands.
In terms of adhesion, exogenously expressed claudins exhibited adhesive activities (measured by cell-cell aggregation) much weaker than those observed between transfected endothelial (E)-cadherins (48) . The authors noted aggregation in more "compacted forms in which individual cells could hardly be detected" of E-cadherin-transfected L fibroblasts than the claudins. Although the extracellular domain of the E-cadherin molecule from adjacent cells does adhere to form the adherens junction, it neither obliterates the intervening extracellular space [ϳ200 Å wide (23) ] nor exerts a barrier function.
It may be argued that the relatively weak protein-protein transinteraction is a desirable feature for dynamic and transient cell-cell interactions (15, 102) , and stronger binding forces to achieve more stable cell-cell adhesions can be generated by molecular oligomerization into zippers and lattices within larger cytoskeleton-adhesion complexes (31) . However, the TJ morphology calls for the approximation of the apposing bilayers to within fusion distances. This would require the displacement of water between the apposing hydrophobic surfaces of the interacting plasma membranes and is a thermodynamically unfavorable process. Overcoming this high activation energy barrier requires specialized membrane-bridging and membrane-fusing proteins (9, 41, 107) . To our knowledge, neither membrane-bridging nor membrane-fusing activities have been reported in the claudins or any of the known TJ proteins.
Although occludin does not induce TJ strand formation, it is recruited to the TJ, and "claudins together with occludin copolymerize to form the TJ strands in situ" (98) . Others proposed that homodimerization of occludin, the claudins, and the junctional adhesive molecules serves as a common structural feature in TJ assembly (4) . Although the claudins have only modest adhesive activities, the occludin is virtually devoid of adhesive activities when transfected into L fibroblasts (48, 104) . Moreover, there is no evidence for adhesion between the extracellular components of the claudins and the occludin or among any other transmembrane TJ proteins. How do these proteins form a seal that separates the two extracellular aqueous compartments? We are not aware of any biological precedence in which an extended protein-only layer seals off one aqueous compartment from another. The coparticipation of lipids in the assembly of a TJ seal could provide a solution to this apparent dilemma.
TJ Strand: Not All Proteins
In freeze-fracture preparations, the TJ strand is visualized as a linear array of 10-nm particles, spaced at a center-to-center distance of 18 nm (i.e., the particles are separated by a distance of 8 nm) (1) . Although there is undisputed evidence for the localization of the claudins to the TJ strands in ultrastructural studies, the precise identity of these freeze-fracture particles is uncertain, inasmuch as similar particles have also been observed in freeze-fracture studies of protein-free, lipid model membranes (109) . It is possible that these "lipidic particles," rather than the protein particles, are the basic units that form the TJ strand. Alternatively, they may fill in the space between the protein particles to form a lipid-protein hybrid TJ strand. The presence of phospholipids in the TJ strands has been demonstrated in freezefracture studies (45; see below).
Claudins Reconstitute TJ-Like Strands, not TJ Strands
Furuse and associates (27) first reported the ground-breaking observation that claudin-1 or claudin-2 can reconstitute TJs in cultured fibroblasts. However, it is important to point out that the structures described were not bona fide TJ strands but, rather, "TJ-like" strands. The authors clearly pointed out that the strands they demonstrated "were not zonula but puncta or fascia occludens, i.e., they did not surround individual cells continuously," and they were not localized to the most apical region of the lateral membrane. Using green fluorescent protein-claudin-1 fusion protein, Sasaki et al. (86) elegantly visualized claudin strands in live L fibroblasts. However, as the authors pointed out, green fluorescent protein fusion aborts the normal binding of claudin-1 to ZO-1. It is known that claudins that dissociate from ZO-1 migrate diffusely into the lateral membrane (39, 71) or the submembranous lysosomal pool (76) . Indeed, Sasaki et al. stressed that the claudin strands they observed were not necessarily representative of TJ strands per se. In both studies, the puncta occludens were readily visualized in live cells at light-microscopic resolutions, whereas visualization of bona fide TJs or ZOs requires electron-microscopic resolutions.
Solution: A Lipid-Protein Hybrid TJ
Because neither the lipid-centric nor the protein-centric model fully accounts for the known structure and function of the TJ, we propose a third possibility: a lipid-protein hybrid complex in which, similar to the plasma membrane, proteins function within a lipid infrastructure. Similar to the cell membrane, the TJ separates and regulates two distinct aqueous compartments through proteinaceous conductive pathways across a lipidic seal. The concept of a lipid-protein hybrid TJ is not new, but it has been neglected. Pinto da Silva and Kachar (82) postulated in 1982 that, in the TJ, the intramembranous H II cylinders were stabilized by integral transmembrane proteins. We propose that the TJ proteins by themselves, and in combination with the lipids, serve, in addition, functional roles of homeostatic regulation of polarity, barrier function, and cell growth and differentiation.
EVIDENCE AND NEED FOR A LIPID-PROTEIN HYBRID MODEL FOR THE TJ
Three examples support and call for the participation of lipids in TJ structure and function.
Role of Lipid Bilayer Hemifusion in TJ Assembly
We have mentioned that the TJ was first described as fusions between the exoplasmic leaflets from adjacent cells (23) . Fusion between the exoplasmic leaflets, leaving the two corresponding cytoplasmic leaflets intact and, thereby, no mixing of the aqueous content between the two participating cells, is known as hemifusion (8) . An appreciation of the genesis and the structural basis of hemifusion calls for a brief review of the concept of lipid polymorphism.
Lipid polymorphism. The familiar phospholipid bilayer is a lamellar structure consisting of lipid molecules arranged in two parallel leaflets (Fig. 2B ). All plasma membrane lipid molecules are amphiphilic, i.e., molecules with both hydrophilic (water-loving), polar head groups and hydrophobic (waterfearing), nonpolar hydrocarbon tails/chains. The hydrocarbon tails in each leaflet minimize contact with water by aligning themselves tightly together in the center of the bilayer, forming a hydrophobic core, while the hydrophilic head groups face the aqueous extracellular or intracellular compartments. The concept of lipid polymorphism is based on the well-established observation that, in addition to this classical bilayer configuration, hydrated lipids can also adopt nonbilayer configurations/phases (13) .
Examples of nonlamellar structures in lipid-water systems include the micelle ( Fig. 2A) , the inverted micelle (Fig. 2C) , the hexagonal H I cylinder (Fig. 2D) , and the inverted hexagonal H II cylinder (Fig. 2E) . A micelle is a spheroidal structure with a hydrophilic shell of polar head groups and a hydrophobic core of hydrocarbon chains (oil-in-water). An inverted micelle is structurally the reverse of a micelle, with a hydrophobic shell and an aqueous interior core (water-in-oil). The hexagonal phases correspond to two-dimensional arrays of hexagonally coordinated cylinders in which the lipid acyl chains are oriented inward (H I ) or outward (H II ). A lipid molecule, viewed with the polar head group pointing upward, exhibits one of three shapes: a cone, a cylinder, or an inverted cone. Lipid molecules with one hydrocarbon tail (lysophospholipids) have a cross-sectional profile with the head group broader than the hydrocarbon tail, i.e., the shape of an inverted cone, and demonstrate a preference to form a micelle and an H I cylinder (Fig. 2, A and D, respectively) . Lipid molecules with two hydrocarbon tails (especially with tails containing unsaturated bonds and, therefore, with "kinks" that resist tight packing) have a reversed head group-to-hydrocarbon tail ratio, i.e., the shape of a cone, and tend to form an inverted micelle and an H II cylinder (Fig. 2, C and E, respectively) . Finally, lipid molecules with approximate cylindrical shape pack into lamellar bilayers (Fig. 1B) (13) .
Lipid polymorphism, hemifusion, and TJ. Lamellar-to-H II phase transition is the fundamental process in the generation of hemifusions (8, 65) . Kachar and Reese (44) , on the basis of freeze-fracture studies, proposed that TJ strands are pairs of lipid H II cylinders sandwiched between linearly fused exoplasmic membrane leaflets from adjacent cells (Fig. 1B) . In some freeze-fracture replicas, in place of these intramembranous cylinders, linear rows of particles were observed. In an earlier study, Verkleij et al. (109) reported that the bilayer-to-H II transition of cardiolipin (lipids without protein) mediated by the addition of Ca 2ϩ , occurred through an intermediate phase of particle (ϳ70 Å diameter) formation. The 32 P-NMR spectrum of these particles is consistent with the notion that these lipidic particles are inverted micelles. To confirm that inverted micelles can form intramembranous particles, freeze fracture of model membranes prepared from an equimolar mixture of lecithin and cardiolipin in the presence of Ca 2ϩ demonstrated particles with a mean diameter of 100 Å (10 nm) on one fracture face and complementary 70-Å-diameter pits on the opposite fracture face (109) . The water-containing inverted micelle and the H II cylinders are characterized by inverted molecular organization, and the H II phase is postulated to represent a one-dimensional extension of the spherical watercontaining, inverted micellar particles (108) . As mentioned earlier, the presence of phospholipids in the TJ strands has been demonstrated in freeze-fracture studies (45) .
The role of the lamellar-to-H II phase transition in TJ assembly and disassembly has also been studied from a functional point of view. Examination of the influence of basic amino acids, Ca 2ϩ , protamine, and protons on transepithelial resistance (TER) of confluent Madin-Darby canine kidney (MDCK II) monolayers has led to the conclusion that TJ permeability reflects a lipid phase equilibrium in which the lamellar phase corresponded to an opened, disassembled state and the H II phase to a closed, assembled state of the junction complex (35, 36) . Taken together, these observations support an important role for lipids in TJ assembly and function.
In search of a TJ membrane bridging and hemifusion molecule. As mentioned earlier, membrane fusion is an energetically unfavorable process that is accomplished in nature by special fusion molecules. Soluble N-ethylmaleimide-sensitive factor attachment protein receptors mediate intracellular membrane fusion events and appear to be involved in all steps of the secretory pathway (40) . In an extracellular environment, enveloped and nonenveloped viral transmembrane proteins mediate fusion between the viral membrane and the host cell plasma membrane (20, 97) . Several proteins are implicated in developmental cell-cell fusion; among these proteins, syncytin (72) and fusogen epithelial fusion failure-1 (84) have been shown to fuse cells in culture.
Common to all known fusion processes is hemifusion, an intermediate stage prior to full fusion that is defined as the establishment of a direct continuity between the two previously separate, lipid bilayer-enclosed aqueous compartments (8) . The TJ, however, appears to represent a form of stable hemifusion, in that it does not progress to complete fusion but is otherwise a structurally and functionally dynamic complex. Other reported examples of stable hemifusion include that between the cortical granules and the plasma membrane of a sea urchin egg before fertilization (112) and that between synaptic vesicles and their target membrane in neurons (117) .
Annexin A2 heterotetramer: a membrane-bridging protein at the TJ. Annexin A2 heterotetramer (AnxA2t) is an important intracellular membrane-bridging protein (18, 63, 88) that anchors secretory vesicles/granules to each other or to the cytoplasmic face of the plasma membrane in preparation for vesicular fusion and vesicle-plasma membrane fusion (secretion), respectively (78, 87, 88) . AnxA2t is made up of two copies 
each of annexin A2 (AnxA2) and p11 (an 11-kDa calmodulinrelated protein also known as S100A10) (110) . In in vitro studies, the addition of exogenous AnxA2 or AnxA2t to suspensions of isolated chromaffin granules (18, 54) or liposomes (54) induced aggregation and junction formation between these lipid bilayer-encased structures without progression to complete fusion. AnxA2-or AnxA2t-induced junction formation between liposomes (devoid of other proteins) provides persuasive evidence for its role in junction assembly between lipid bilayers.
A proposed molecular mechanism for bridging the external leaflets from adjacent lipid bilayers is depicted in Fig. 3 . An AnxA2 molecule consists of a COOH-terminal protein core domain (C-domain) and an NH 2 -terminal domain (N-domain). The protein molecule is in the shape of a slightly curved disk with a convex and a concave face (60) (47, 95) .
A possible problem with the application of this model to the TJ is that the exoplasmic lipid leaflets of the plasma membrane are made up predominantly of phosphatidylcholine and sphingomyelin and exhibit no net charge (90) . However, recent studies indicate that, in addition to the Ca 2ϩ -bridging mechanism, AnxA2 and AnxA2t also bind directly to cholesterol of the lipid membrane (2, 28, 118) . We shall point out that the TJ is an assembly of lipid rafts, which are cholesterol-and sphyingolipid-enriched membrane structures. Moreover, in these cholesterol-rich membrane microdomains, KunzelmannMarche and associates (49) reported externalization of phosphatidylserine (negatively charged) from the cytoplasmic leaflet to the exoplasmic leaflet of the plasma membrane. This lipid asymmetry is dependent on lipid raft (LR) integrity and is lost with its disruption. Thus, at the TJ, AnxA2t may link the adjacent exoplasmic leaflets through cholesterol and Ca 2ϩ bridges. AnxA2t may also bind cell surface heparan sulfate glycosaminoglycan (46) .
We have reported structural and functional evidence in support of the notion that AnxA2t assembles TJs in a similar fashion in MDCK II monolayers (55) . Figure 4 (56) illustrates the immunofluorescent colocalization of AnxA2t (using the AnxA2 subunit as a marker) with the TJ protein claudin-1. We have also reported colocalization of AnxA2t with ZO-1 and with occludin (55) . Immuno-electron microscopy confirms the presence of ZO-1 (Fig. 5, left) and occludin (Fig. 5, right) at the apical location of the lateral intercellular space and their ultrastructural juxtaposition with AnxA2 subunits of AnxA2t. A synthetic peptide that reversibly disrupts the binding between AnxA2 and p11 caused TJ disassembly in MDCK II monolayers, as reflected by a 90% reduction in TER (55) .
Note the cytoplasmic and exoplasmic distribution of AnxA2t along the length of the apical and lateral plasma membrane beyond the TJ (Fig. 5) . This is consistent with its other known biological actions, which include Ca 2ϩ -dependent exocytosis, endocytosis, and cell-cell adhesion (28, 47, 110) . On the cytoplasmic side of the plasma membrane, AnxA2t has been observed as 7-to 8-nm (70-to 80-Å ) to 80-nm (800-Å ) ultrastructural strands that link secretary granules to each other or to the plasma membrane (78, 88) . Our observation of the basal extension of extracellular AnxA2t beyond the TJ raises the possibility that AnxA2t may also link lateral plasma membranes from apposing cells and, thereby, regulate the dimension and configuration of the intercellular space basal to the TJ. Indeed, Yamada and associates (114) reported the involvement of AnxA2t in the formation of the E-cadherin-based adherens junctions in MDCK cells. Hansen and associates (32) also reported that AnxA2 (subunit of AnxA2t) localizes rapidly to cell-cell contacts in E-cadherin-driven junction-forming MDCK cells. However, neither study addressed the junctionforming action of AnxA2t or AnxA2. Yamada et al. (114) proposed that AnxA2t mobilizes E-cadherin; Hansen et al. (32) proposed that AnxA2 mobilizes Rac-1 complexes, to nascent cell-cell contacts.
The assembly and the molecular architecture of the TJ lipid complex are expected to be much more complex than AnxA2t bridging of the plasma membrane from adjacent epithelial or endothelial cells. Molecules other than AnxA2t may be involved in this process. Also, in our study, MDCK II monolayers did not exhibit equal sensitivity and sustainability to the action of AnxA2t inhibitory peptide (55) . It is reasonable to expect that, given that the sealing of the intercellular space is a matter of life and death, nature has built redundancies into this critical biological process. Also, it has been demonstrated by cryo-electron microscopy that AnxA2t forms a junction between two apposing lipid bilayers but does not actually mediate the merger of the two exoplasmic leaflets into one single leaflet (54). Lambert et al. (54) noted that the distance separating the two bilayers at the junction was 90 Ϯ 3 Å, which corresponds to the thickness of the AnxA2t molecule. In this context, it is of interest to recall that Farquhar and Palade (23) noted that the ultrastructural appearance of the TJ was an "extreme narrowing of the intercellular 'gap'" to a distance of 70 -90 Å. Actual fusion of the apposing exoplasmic lipid leaflets into a single merged line was not consistently seen (23) . We anticipate that additional agents and macromolecules may participate in the bridging and hemifusion of lipid bilayers in the TJ assembly. As an example, physical and functional interactions between AnxA2 and SNAP-23 have been reported recently (111) .
TJ Exhibits Structural and Functional Characteristics of LRs
There is persuasive evidence supporting the notion that the TJ is an LR assembly. LRs are detergent-insoluble, sphingolipid-and cholesterol-enriched membrane microdomains that sort and concentrate signaling and trafficking proteins (89) . Individual LRs in living, resting cells are small and unstable and are below the resolution of an optical microscope, i.e., Ͻ250 -300 nm (50) . However, these nanostructures can coalesce into larger, stable raft clusters (50, 69) . The multimerization of native rafts and their associated proteins generates adhesion complexes (31, 33) that function as signaling and trafficking platforms (89) . LRs resist solubilization by nonionic detergents at low temperatures and, because of their low buoyant density, can be isolated by density gradient ultracentrifugation.
There are many functional similarities between the TJ and the LR. The TJ (68) and the LR (89) participate in a host of cellular processes, e.g., membrane trafficking, protein sorting, signal transduction, and regulation of cell growth and differentiation. The TJ (99) , similar to the LR (33), plays a pivotal role in the assembly of cell-cell adhesion complexes and the recruitment and remodeling of the actin cytoskeleton. LRadhesion complexes play important roles in tissue organization and organ formation in embryonic development and in adult tissue remodeling (31, 33) . They undergo cycles of assembly and disassembly of cell-cell contacts in a precise spatiotemporal pattern that fashion cell aggregates into three-dimensional tissues. When a tissue becomes fully formed and differentiated, its integrity and function are maintained by a more stable form of cell-cell adhesion and signaling complex, the TJ (99). These observations raise the possibility that the TJ adhesion complex represents a larger and more stable form of LR assembly.
Cholesterol is primarily located in cell membranes, where it is mostly localized with sphingomyelin and glycophospholipids in LRs. Prior to, and in parallel with, the development of the LR concept, an important correlation between membrane cholesterol and TJ structure and function has been recognized. The presence and the accumulation of cholesterol in TJforming domains, detected as cholesterol-filipin complexes, have been reported in ultrastructural studies of rat hepatocytes (24) . The observation that confluence-induced junction complex formation in endothelial cells is paralleled by a dramatic increase in membrane cholesterol also supports the notion that TJ assembly is associated with cholesterol-rich LR mobilization (11) .
Experimental modulation in cell membrane cholesterol by methyl-␤-cyclodextrin (M␤CD) in MDCK monolayers exhibited biphasic changes in TER (25) . The early rise in TER was not associated with changes in the staining pattern for occludin and ZO-1. Ultrastructurally, the number of TJ strands and the dimensions of the intercellular space remained unchanged, although the number of TJ particles in the E fracture face was significantly higher in the M␤CD-treated monolayers. The late fall in TER was associated with increased mannitol flux, reduced TJ staining for occludin and ZO-1, actin redistribution, and a reduction in the number of TJ strands in freeze-fracture replicas. The early rise in TER was attributed to a change in the interaction between TJ particles and the underlying cytoskeletal elements and the late fall in TER to the disassembly of the TJ network. An alternate interpretation of these observations is that cholesterol depletion and associated changes in the lipid environment can first modify TJ protein function in the absence of overt structural changes, leading to an increase in TER (see
Lipid Complements Protein in TJ Signaling and Trafficking).
More sustained cholesterol depletion culminated in structural disruption of the TJ LR, TER reduction, and loss of barrier function. Indeed, in a more recent study from the same laboratory (64), the initial, transient rise in TER with membrane cholesterol extraction was attributed to changes in phosphorylation of occludin and/or other TJ proteins, thus supporting the thesis that cholesterol depletion and associated changes in the lipid environment can modify TJ structure and function.
Nusrat and associates (80), on the basis of observations in T84 intestinal epithelial cells, first proposed that the TJ is LR membrane microdomains. We (56) and others (64) confirmed the localization of TJ proteins in LR preparations from a different epithelium, MDCK II monolayers. In addition, we have provided direct visualization of LRs in the TJ (Fig. 6 ). LRs were visualized using an Alexa Fluor dye conjugate of CT-B, which binds to the pentasaccharide chain of the plasma membrane ganglioside GM1, an endogenous LR marker (42). Lambert and associates (52, 53) , using the Caco-2 cell line, also confirmed that cholesterol depletion with M␤CD led to displacement of occludin, claudin-3, claudin-4, claudin-7, and JAM-A out of the detergentresistant LRs, along with increases in TJ permeability. Using neutral-pH, detergent-free fractionation of LRs from rat cerebral microvessels, McCaffrey et al. (70) confirmed the association of occludin, claudin-5, and ZO-1 with these plasma membrane domains. They further demonstrated that, in their preparations, which are more reflective of the native TJ in vivo, occludin and claudin-5 are incorporated into the TJ as preformed homodimers. In retrospect, the early observation that TJ strands were resistant to detergent extraction (93, 94) may have provided the first clue to the LR nature of the TJ complex.
More recent studies have implied that the TJ is the destination for LRs from other plasma membrane domains (12) and the pathway through which LRs translocate from one cell to another in confluent epithelia (51) . The first study (12) demonstrated that transepithelial group B coxsackievirus transmission is initiated through viral association with decay-accelerating factor (DAF) in the apical membrane. DAF and other GPI-anchored membrane proteins are known to concentrate in LRs. These DAF LRs, in association with the infecting virus, are then translocated into the TJ, where the virus interacts with coxsackievirus and adenovirus receptor (CAR, a recognized TJ protein), culminating in its cellular entry and the release of viral RNA. In the second study (51) , LR CT-B bound to extracellularly facing ganglioside GM1 in one cell was shown to translocate to contiguous cells. This transfer was most likely mediated through the TJ, since it was inhibited by pretreatment with poly-L-lysine and polyethylenimine. These elegant studies strongly support the thesis that LRs congregate in, and traffic through, the TJ complex.
Wosik et al. (113) reported that angiotensin II activation of type 1 angiotensin receptors restricts passage of tracers across the TJ in cultured human blood-brain barrier endothelial cells through the phosphorylation of occludin and its mobilization to LR membrane microdomains. This observation suggests that TJ function is related to the presence of phosphorylated occludin in an LR environment. The disruption of epithelial barrier function by the toxins of Clostridium difficile, the etiological ZO-1, left) and occludin (right). AnxA2 labels also extend beyond the TJ, along the length of the lateral plasma membrane and the apical, luminal membrane (small arrowheads). ZO-1 particles (arrow, left) aggregate in an area where apposing membranes seem to merge and appear mostly on the cytoplasmic side of the plasma membrane. Cytoplasmic ZO-1 labeling is sometimes observed outside the TJ (enclosed by squares). reflecting the general phenomenon of internalization of TJ proteins (115) . Occludin particles (arrows, right) have a similar distribution, consistent with the use of antibody generated against a fusion protein consisting of the cytoplasmic COOH-terminal 150 amino acids of human occludin. Basolateral cytoplasmic labeling of occludin (enclosed by rectangle) is consistent with prior reports and represents the less phosphorylated form of this molecule, distributed in detergent-soluble lipid domains (81, 85) . Although most AnxA2 labeling is distributed along the cytoplasmic side of the plasma membrane, it is also seen along the exoplasmic side of the plasma membrane and in the intercellular space (large arrowheads). Scale bars, 0.1 m. [From Lee et al. (56) .] agent of pseudomembranous colitis, has been attributed to the parallel redistribution of TJ proteins out of membrane raft microdomains (81) . These toxins are known to inactivate the Rho family of GTPases (10), suggesting a role of Rho proteins in LR localization of TJ proteins. In relation to inflammatory bowel disease, interferon-␥ and tumor necrosis factor-␣ have been shown to disrupt TJs in the intestinal T84 cell line as a result of alterations in the lipid composition and fatty acyl substitutions of phospholipids in lipid microdomains (58) .
Lipid Complements Protein in TJ Signaling and Trafficking
In the context of the TJ as an LR assembly discussed above, the known functional role of the TJ as a signaling and trafficking complex is hardly surprising. Inasmuch as there is persuasive evidence supporting LRs in the mediation and regulation of cell signaling through facilitation of lipid-protein/proteinprotein interactions (74) , the time has come to incorporate lipids in elucidating the structure and function of the TJ.
Lipids are known to serve as ligands that activate signal transduction pathways, as mediators of these signaling pathways, and as the substrates of lipid kinases and lipid phosphatases (22) . The protein-focused TJ model (6, 29, 96) can be rendered more comprehensive with the additional consideration of lipids. A lipid-protein hybrid TJ resembles a cell membrane, acting not only as a regulated barrier, but also as a platform for lipid-protein interactions, which serve a variety of important cellular functions. In addition to participation as components of signal transduction pathways, lipids can serve as anchorage for proteins and as sources for cleavage products, which, in turn, serve as ligands and substrates in multiple additional signaling and trafficking cascades. Some examples of the importance of lipid-protein interaction in TJ structure and function are emerging.
A direct lipid modification of TJ proteins is supported by the report that the claudins are palmitoylated (64, 105) . In the case of claudin-14, inhibition of palmitoylation reduces its localization to, and association with, detergent-resistant membrane domains, paralleled by a decrease in TJ barrier function (105) . Palmitoylation, i.e., the addition of palmitate to a Cys residue, is known to influence protein trafficking, stability, and aggregation (61) . In this context, palmitoylation is known to increase the affinity of integral membrane proteins for LRs (89) . Parenthetically, occludin is not palmitoylated (64) , raising the possibility that it may undergo alternative posttranslational lipid modifications. Stankewich et al. (92) reported another example of lipid modification of protein function. Lovastatin induced a 30% reduction in cholesterol in MDCK cells and led to a more rapid development and the attainment of a higher electrical resistance in Ca 2ϩ -induced TJ assembly. This was attributed to a reduction in the synthesis of isoprenoids and levels of prenylated proteins. More recently, a statin-mediated reduction in TJ permeability across primary cultures of endothelial cells has been reported (38) . No change in membrane expression and localization of occludin, JAM-A, vascular endothelial cadherin, ZO-1, and ZO-2 was observed, and the decrease in blood-brain barrier permeability was also attributed to the abrogation of the isoprenylation pathways and the associated modulation of the activity of small GTPases. RhoA-and Rac-dependent phosphorylation of TJ proteins is known to regulate TJ barrier function (5, 37) .
A number of studies have reported modulation of TJ barrier function by lipids and fatty acids. Exposure of T84 human colorectal cancer cell monolayers to alkylphospholipids, synthetic analogs of lysophosphatidylcholine, led to a rapid, reversible, and dose-dependent reduction in resistance and in- creases in paracellular permeability to [ 3 H]mannitol (57) . Phospholipid derivatives (62) and -3 polyunsaturated fatty acids (19) as enhancers of paracellular permeability have also been reported in Caco-2 monolayers. In another study, oxidized L-␣-1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine, a component of minimally modified LDL, increased the diffusive flux of 10-kDa dextran in a dose-dependent manner across bovine aortic endothelial cells (16) . Treatment of human aortic endothelial cells with triglyceride-rich lipoprotein lipolytic products has also been shown to decrease TER and TJ barrier function (21) .
On the other hand, several polyunsaturated fatty acids, such as ␥-linolenic and eicosapentaenoic acids, have been found to increase TER and reduce paracellular permeability in endothelial monolayers (43) . ␥-Linolenic acid also increased TER and reduced paracellular permeability in human breast cancer cell lines (67) . In experimental colitis, n-3 polyunsaturated fatty acids attenuated TJ disruption and improved histological score (59) . The apparent discordant effect of some fatty acids on TJ permeability in different studies may represent variation in the effect of changes in the lipid environment on protein function in different tissues or under different experimental conditions. Lipids, as an important functional component of the TJ, are again highlighted in a recent study (7) . Of the seven groups of lipids studied, four groups, sphingosines, alkylglycosides, oxidized lipids, and ether lipids, exhibited the ability to reduce TER by up to 95%, in association with increases in transepithelial permeation, at noncytotoxic concentrations. Immunofluorescent staining of ZO-1, occludin, and claudin-4 suggests that these functional modulations occurred in the absence of structural changes in TJ morphology.
SPECULATIVE LIPID-PROTEIN HYBRID TJ MODELS
Although there is good evidence supporting the presence and the role of lipids in the TJ, there is little information on the structural relationship between the lipids and the proteins in this junction complex. Central to the hemifusion model is the implication that there is an intralipid aqueous compartment (IAC) between the two fused exoplasmic leaflets (Fig. 1, B and  C) . This compartment consists of an assembly of inverted micelles (particles) or a network of H II water cylinders (strands) or a combination of both. It may be conjectured that proteinaceous conductive pathways, e.g., channels and pumps, can link the intercellular space with this IAC (Fig. 1B, 1 ), intracellular space with IAC (Fig. 1B, 2 ), and IAC with IAC (Fig. 1B, 3 ), in each case linking two aqueous compartments across the equivalent of a lipid bilayer and, together, forming an intercellular apical-basolateral aqueous conduit. DiBona (17) , after collating a large series of data examining TJ perturbations mediated by changes in osmotic or electrical gradients, concluded that the primary components of the TJ structure in freeze-fracture studies were lipidic in nature and that the junction complex functioned as a series of aqueous compartments.
The ionic composition of the fluid in these relatively small IACs can be readily modified by the activities of protein channels and pumps, with little or no change in their physical dimension or configuration, thereby altering ionic conductivity without affecting passage of uncharged molecules across the TJ. This can provide an alternate explanation for the observations on the unanticipated opposite changes in TER and paracellular permeability of uncharged molecules (3, 34, 71) . Structurally, the protein components of the TJ have, in addition, been proposed to provide stability to the lipid infrastructure (82) . Figure 1C represents another conjecture for communication between the apical and basolateral compartments of the lateral intercellular space across the TJ. In this case, trans-TJ transport is mediated through processes similar to a coupled "endocytosis" (Fig. 1C, dashed arrow) and "exocytosis" (Fig. 1C, solid  arrow) . Tang (96) highlighted ultrastructural evidence for "vesicles fusing/budding at the tight junction membrane domain, secreted substances encased between the TJ kisses, endocytosis of TJ double membranes." The two conjectures need not be mutually exclusive and are only examples of a myriad of other possibilities. We anticipate, with certainty, many surprises as the lipid-protein hybrid model evolves.
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